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ABSTRACT
Among the most highly valued of exoplanetary discoveries are those of terrestrial planets found to
reside within the Habitable Zone (HZ) of the host star. In particular, those HZ planets with relatively
bright host stars will serve as priority targets for characterization observations, such as those involving
mass determinations, transmission spectroscopy, and direct imaging. The properties of the star are
greatly affected by the distance measurement to the star, and subsequent changes to the luminosity
result in revisions to the extent of the HZ and the properties of the planet. This is particularly
relevant in the realm of Gaia which has released updated stellar parallaxes for the known exoplanet
host stars. Here we provide a generalized formulation of the effect of distance on planetary system
properties, including the HZ. We apply this methodology to three known systems and show that the
recent Gaia Data Release 2 distances have a modest effect for TRAPPIST-1 but a relatively severe
effect for Kepler-186 and LHS 1140.
Keywords: planetary systems – techniques: photometric – stars: individual (Kepler-186, TRAPPIST-
1, LHS 1140)
1. INTRODUCTION
At the present time, the vast majority of exoplanets
have been detected via indirect methods, most particu-
larly through the transit and radial velocity (RV) meth-
ods. The derived properties of the planet and the sur-
rounding environment are thus highly dependent upon
the ability to accurately constrain the host star parame-
ters. As such, there has been a concerted effort to maxi-
mize the precision of stellar properties (e.g., Huber et al.
2014; Boyajian et al. 2015; Sandford & Kipping 2017,
and references therein). A major impediment to con-
structing a self-consistent stellar model for a given star
is poor distance estimates since the calculated intrin-
sic luminosity of the star is tied to distance and flux
measurements. Fortunately, missions such as Hipparcos
(van Leeuwen 2007) and Gaia (Prusti et al. 2016) have
dramatically improved our knowledge of stellar distances
and provided subsequent improvements to stellar prop-
erty estimates. In particular, the distances from Gaia
Data Release 2 (DR2) (Brown et al. 2018) have already
had an enormous impact on estimates of stellar proper-
ties (Van Grootel et al. 2018), such as those derived for
the Kepler host stars by Berger et al. (2018).
As well as alterations to the fundamental proper-
ties of the star and planet, a change in distance to a
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planetary system also alters the system flux environ-
ment since that depends on the measured stellar lu-
minosity. In that regard, the greatest impact is on
the boundaries of the Habitable Zone (HZ) and can
determine if planets lie inside or outside of that re-
gion. The HZ is described in detail by Kasting et al.
(1993); Kopparapu et al. (2013); Kasting et al. (2014);
Kopparapu et al. (2014), is graphically illustrated by
the Habitable Zone Gallery (Kane & Gelino 2012a), and
was utilized to create a catalog ofKepler candidates that
reside in the HZ (Kane et al. 2016). In these previous
works, the boundaries of the HZ are divided into two
major categories. The “conservative” HZ (CHZ) uses
the runaway greenhouse and maximum CO2 greenhouse
criteria to delimit the boundaries of the region. The
“optimistic” HZ (OHZ) extends the width of the HZ by
accounting for best-case scenarios whereby Venus and
Mars could have retained liquid surface water. The cir-
cumstellar CHZ and OHZ boundaries are primarily de-
termined as a function of the luminosity and effective
temperature of the host star, the accuracy of which is
paramount for assessing the number of HZ planets and
calculations of η-Earth (Kane 2014).
In this paper, we provide a methodology for deter-
mining the impact of a change in a star’s measured
distance on the planetary system properties including
those of the star, planet, and the HZ. The method-
ology is derived and quantified in Section 2 together
with a demonstration of relative changes in the var-
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ious system parameters. These relationships are ap-
plied to several case studies in Section 3, including the
TRAPPIST-1, Kepler-186, and LHS 1140 planetary sys-
tems. We discuss additional caveats related to changes
in distance measurements that need to be considered in
Section 4 and conclude in Section 5 with implications of
the methodology for other systems.
2. HOW NEW DISTANCES CHANGE SYSTEM
PARAMETERS
We start with the impact of stellar distance on the
stellar luminosity. The relationship between stellar dis-
tance and incident flux, F , is given by
F =
L⋆
4pid2
⋆
(1)
where L⋆ is the stellar luminosity and d⋆ is the distance
from the observer to the star. For a given flux received
at Earth, the fractional change in luminosity caused by
a revised distance of d′
⋆
is given by
∆L⋆
L⋆
=
d′2
⋆
− d2
⋆
d2
⋆
=
(
d′
⋆
d⋆
)2
− 1 (2)
The luminosity of the star is determined via the
Stefan-Boltzmann law applied to stars
L⋆ = 4piR
2
⋆
σT 4eff (3)
where R⋆ is the stellar radius and Teff is its effective
temperature. Assuming a Teff that is unaffected by stel-
lar distance (such as extraction from spectral analysis),
then the radius is given by
R⋆ =
√
L⋆
4piσT 4eff
(4)
Based on a revised luminosity from Equation 2, L′
⋆
, the
fractional change in stellar radius is given by
∆R⋆
R⋆
=
√
L′
⋆
−√L⋆√
L⋆
=
√
L′
⋆
L⋆
− 1 (5)
The consequence of this change in stellar radius on plan-
etary radius, Rp, is determined from its relationship to
transit depth
∆F =
(
Rp
R⋆
)2
(6)
which is a measurement that does not depend on stellar
distance. The fractional change in planet radius is then
∆Rp
Rp
=
∆R⋆
R⋆
(7)
A more dramatic change occurs with the planetary bulk
density since ρp ∝ R−3p , leading to a fractional change
in density of
∆ρp
ρp
=
R′−3
p
−R−3
p
R−3p
=
(
R′
p
Rp
)−3
− 1 (8)
Figure 1. The fractional change in system parameters as a
function of the ratio of the new to the old stellar distance.
The solid curves applies to luminosity, L⋆, and flux received
by the planet, Fp. The dashed line applies to stellar radius,
R⋆, planetary radius, Rp, and the HZ boundaries, d. The
dotted line applies to the planetary density, ρp.
where R′
p
is the revised planetary radius.
As seen in Equation 1, the flux is linearly propor-
tional to the stellar luminosity. Therefore, the fractional
change in flux received by the planet is
∆Fp
Fp
=
∆L⋆
L⋆
(9)
The effect of the change in stellar parameters on the
HZ is derived using the polynomial relations described
in Kopparapu et al. (2013, 2014). Specifically, the HZ
distance, d, is specified by
dHZ =
(
L⋆/L⊙
Seff
)0.5
AU (10)
where the stellar flux, Seff , is given by
Seff = Seff⊙ + c1T⋆ + c2T
2
⋆
+ c3T
3
⋆
+ c4T
4
⋆
(11)
and T⋆ = Teff − 5780 K. The polynomial coefficients for
the CHZ and OHZ can be found in Kopparapu et al.
(2014). Based on Equation 10, the HZ distances have
an identical proportionality, as with R⋆, to
√
L⋆. The
fractional change in the HZ boundaries is then
∆d
d
=
√
L′
⋆
L⋆
− 1 = ∆R⋆
R⋆
(12)
This relationship applies to both the CHZ and OHZ
boundaries.
The various effects described in this section are sum-
marized in the plot shown in Figure 1, which displays
the dependencies of system parameters on the distance
ratio, d′
⋆
/d⋆. The solid line represents the quadratic
relationship of L⋆ and Fp on the distance ratio. The
dashed line represents the linear relationship of R⋆, Rp,
and d on the distance ratio. The dotted line represents
the cubic relationship of ρp on the distance ratio. Note
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that, with the exception of density, the structure of the
equations presented here results in a positive fractional
change in parameters if the distance increases and a neg-
ative fractional change if the distance decreases.
3. CASE STUDIES OF KNOWN HABITABLE
ZONE SYSTEMS
In this section, we examine three specific systems that
are well known for their HZ planets: TRAPPIST-1,
Kepler-186, and LHS 1140. Specifically, we utilize the
revised distances from the Gaia DR2 to re-evaluate the
properties of these systems.
3.1. TRAPPIST-1
The TRAPPIST-1 planetary system was first discov-
ered to harbor three planets by Gillon et al. (2016), with
an additional four later found (Gillon et al. 2017). K2
observations were used to both confirm and verify the
orbital period of the outer planet (Luger et al. 2017).
The primary source of interest in the system is due
to three of the planets residing within the HZ of the
host star (Bolmont et al. 2017). Mass determinations
for the planets were achieved by Grimm et al. (2018) us-
ing Transit Timing Variations (TTVs) leading to greatly
improved density estimates. Furthermore, the density
estimates have been used to model the atmospheres and
interiors, leading to conclusions such as that of Wolf
(2017) that planet e has the highest likelihood of liq-
uid surface water, and the estimates of volatile budgets
by Unterborn et al. (2018). These modeling efforts are
further complicated by the potential for significant at-
mospheric mass loss due to the relatively high XUV
radiation environment created by the activity of the
host star (Roettenbacher & Kane 2017; Wheatley et al.
2017). The relative closeness of the TRAPPIST-1 sys-
tem combined with the intrinsic scientific value of the
terrestrial planets make follow-up observations of the
system highly likely.
Prior to DR2 becoming available, the properties
of the TRAPPIST-1 host star were known as d⋆ =
12.14 ± 0.12 pcs, Teff = 2516 ± 41 K, L⋆ =
0.000522 ± 0.000019 L⊙, and R⋆ = 0.121 ± 0.003 R⊙
(Van Grootel et al. 2018). DR2 provides a new parallax
for TRAPPIST-1 of p = 80.4512 ± 0.1211 mas, which
corresponds to a revised distance d⋆ = 12.43± 0.02 pcs.
Using the methodology in Section 2, the luminosity
has increased by 5.5% (L⋆ = 0.000551± 0.000019 L⊙)
and the stellar radius has increased by 2.7% (R⋆ =
0.124± 0.003 R⊙).
Table 1. Fractional changes in system properties
System d′⋆/d⋆ ∆L⋆/L⋆ ∆Fp/Fp ∆R⋆/R⋆ ∆Rp/Rp ∆ρp/ρp ∆d/d
TRAPPIST-1 1.024 +0.055 +0.055 +0.027 +0.027 -0.077 +0.027
Kepler-186 1.176 +0.382 +0.382 +0.176 +0.176 -0.385 +0.176
LHS 1140 1.202 +0.440 +0.440 +0.200 +0.200 -0.421 +0.200
The consequences of the revised stellar parameters for
TRAPPIST-1 are that the planetary radii increase by
2.7%, the bulk densities decrease by 7.7%. The plan-
etary masses remain unaffected in this case since they
were determined via TTVs. Table 1 summarizes the
fractional change in the system properties for all three
case study systems as a result of the DR2 distance revi-
sions. The changes are demonstrated graphically in Fig-
ure 2 which shows the planetary radii and the location of
the HZ boundaries (light-green is the CHZ, dark-green is
the OHZ) for the old distance and for the newly revised
distances. The HZ planets of the TRAPPIST-1 system
retain their status as HZ planets when accounting for
the new stellar distance.
The reduction in bulk density of the planets has
profound consequences for their volatile inventory.
Unterborn et al. (2018) argue that the relatively low
densities of the f and g planets are best explained by for-
mation beyond the snow line and subsequent migration.
They further determine that a water-rich environment
with no continents will lead to a suppression of biosig-
natures due to the relative lack of geochemical cycles
involving, for example, carbon and phosphorus. The
decrease in density implies that the volatile content of
the TRAPPIST-1 planets is even higher than previously
thought, and indicates that a reanalysis of the planetary
interiors should be considered to properly evaluate their
potential for observations involving biosignatures.
3.2. Kepler-186
The Kepler-186 system was first validated as a con-
firmed planetary system due to its multi-planet nature
(Lissauer et al. 2014; Rowe et al. 2014), at which time
it was known to contain four planets. The fifth planet
4 Stephen R. Kane
Figure 2. The changes to the planet sizes and HZ distances resulting from the revised DR2 stellar distances for the three case
studies discussed in Section 3. The left column plots correspond to the old stellar distances estimates and the right column
plots correspond to the revised DR2 distances. The top, middle, and bottom rows are for the TRAPPIST-1, Kepler-186, and
LHS 1140 systems respectively. The light-green represents the conservative HZ and the dark-green represents the optimistic
extension to the HZ.
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was detected and confirmed by Quintana et al. (2014),
and generated considerable interest due to its radius of
only 1.11 R⊕ and its location in the HZ of the host
star. At that time, Kepler-186 f was considered the
most “Earth-like” in terms of size and insolation flux,
leading to models of the possible energy budgets and
habitability potential (Bolmont et al. 2014).
The stellar parameters for Kepler-186 were described
by Quintana et al. (2014) as follows: d⋆ = 151± 18 pcs,
Teff = 3788± 54 K, L⋆ = 0.0412± 0.0090 L⊙, and R⋆ =
0.472 ± 0.052 R⊙. The DR2 parallax of p = 5.6020 ±
0.0243mas equates to a revised distance of d⋆ = 177.51±
0.79 pcs. The new distance translates in a luminosity
increase of 38.2% (L⋆ = 0.0569±0.0090L⊙) and a stellar
radius increase of 17.6% (R⋆ = 0.555 ± 0.052 R⊙. A
refit of the stellar parameters of Kepler host stars by
Berger et al. (2018) used DR2 distances and included an
isochrone fitting methodology that produced a revised
effective temperature and stellar radius of Teff = 3748±
75 K and R⋆ = 0.56 ± 0.02 R⊙ respectively. Thus, the
stellar radius derived in this work is in close agreement
with the radius derived by Berger et al. (2018).
The 17.6% increase in stellar radius also raises the
radius of planet f to 1.31 R⊕. This likely means
that the planet is still within the terrestrial regime
(Chen & Kipping 2017), although it is more comparable
to a super-Earth than a true Earth analog. The mass
of the planet has not been reliably measured due to the
lack of detectable TTV or RV signals, thus the true im-
pact on the bulk density of the planet is unknown. For
a constant mass, the density would decrease by 38.5%,
so this may be considered an upper limit to the density
drop. The HZ boundaries also increase by 17.6% which
is a significant change in the radiation environment of
the system. Fortunately planet f was previously located
at the outer edge of the CHZ and so the planet has
changed from an Earth-size planet at the HZ outer edge
to a super-Earth in the middle of the HZ (see the second
row of Figure 2). The modifications to the Kepler-186
system are summarized in Table 1.
3.3. LHS 1140
The planet orbiting LHS 1140 was discovered by
Dittmann et al. (2017) and determined to be a rocky
super-Earth in the HZ of the host star. The transit data
yielded a radius of 1.43 R⊕ and the RV data yielded a
mass of 6.65M⊕, the combination of which yields a bulk
density of 12.5 g/cm3. As for the TRAPPIST-1 system,
the relative proximity of LHS 1140 and the interest in
the planet ensure that the system will be a valued target
for follow-up observations designed to characterize the
atmosphere (Checlair et al. 2017).
The stellar parameters provided by Dittmann et al.
(2017) are d⋆ = 12.47± 0.42 pcs, Teff = 3131± 100 K,
L⋆ = 0.002981±0.00021L⊙, and R⋆ = 0.186±0.013R⊙.
The DR2 parallax is p = 66.6996 ± 0.0674 mas which
translates into a revised distance of d⋆ = 14.993 ±
0.016 pcs. The increase is stellar distance has the
dramatic effect of increasing the luminosity by 44%
(L⋆ = 0.004293 ± 0.00021 L⊙) and the stellar radius
by 20% (R⋆ = 0.223± 0.013 R⊙).
The update to the stellar parameters for LHS 1140
results in an increased planetary radius of 1.72 R⊕.
Normally such a planetary size would indicate that the
planet is not rocky (Rogers 2015) and is more likely to
fall into the mini-Neptune category. Assuming the mass
of planet is unchanged, the reduction in bulk density is
42.1%, resulting in a revised density of ρ = 8.8 g/cm3.
The revised density indicates that either the planet is
an exceptionally large super-Earth or that it is a mini-
Neptune with a heavy core. Furthermore, the increase of
20% in the HZ boundaries pushes the planet to the near-
side of the CHZ. The third row of Figure 2 demonstrates
the dramatic change to the properties of the planet. The
modifications to the LHS 1140 system are summarized
in Table 1.
4. DISCUSSION
The scaling laws presented here for modifying the stel-
lar and planetary parameters provide a first-order esti-
mate of the expected changes. However, a more thor-
ough approach will utilize an isochrone fitting method-
ology, making use of isochrones such as those com-
piled in the “Dartmouth Stellar Evolution Database”
(Dotter et al. 2008). This is particularly important be-
cause an isochrone re-fitting of the stellar parameters
will likely result in a new value for the stellar mass.
Stassun et al. (2017, 2018) suggest that the masses of
host stars can also be determined through a combination
of Gaia parallaxes and precision photometry that leads
to a measurement of stellar surface gravity. If a revised
mass measurement for a star is found to have increased
from previous measurements, there will be several conse-
quences for the associated planets, such as increasing the
semi-major axis for a given orbital period, and increas-
ing planetary masses that are determined using the RV
method. Such changes could help to mitigate decreases
to the planetary bulk density and increases to the in-
cident flux on the planet due to the increased stellar
luminosity.
It should be noted that changes to the stellar lumi-
nosity are not the only factors that affect the habitabil-
ity of planets within the HZ. The intrinsic properties
of the planet are a critical aspect of assessing the po-
tential surface conditions, and indeed the extent of the
HZ can be altered by a range of atmospheric circular-
ization processes and relationships to geophysical cycles
(Abbot 2016; Haqq-Misra et al. 2016; Kopparapu et al.
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2017; Ramirez & Kaltenegger 2017; Haqq-Misra et al.
2018; Ramirez & Kaltenegger 2018) as well as planetary
rotation rates (Yang et al. 2014; Leconte et al. 2015;
Kopparapu et al. 2016). The orbital properties of the
planet also play an important role in the atmospheric
dynamics and surface conditions, such as the orbital
eccentricity (Williams & Pollard 2002; Kane & Gelino
2012b). The scaling laws presented in Section 2 do not
directly affect these planetary properties with the ex-
ception of how changes planetary density can influence
surface gravity and atmospheric scale height.
As seen in Section 3, the overall effect of changes in
stellar distance for known HZ planets can vary sub-
stantially without an obvious dependence on distance.
Kepler-186 has a large correction for the distance that is
not unexpected given that the star is relatively far away.
However, TRAPPIST-1 and LHS 1140 have dramati-
cally different alterations to their distances and system
properties, despite the fact that they are both relatively
close. The explanation for this is that the TRAPPIST-1
system has been known for longer and has been stud-
ies in much greater detail than the LHS 1140 star, and
thus the overall properties of the star, including dis-
tance, have been better characterized.
5. CONCLUSIONS
Although the dependence of planetary properties on
stellar parameters is well known, the consequences of
changing the stellar distance are less often considered.
As demonstrated here, the transition from poorly to ac-
curately constrained stellar distances can have a serious
impact on planetary properties. This is especially im-
portant for those targets that are expected to form the
core sample of expensive follow-up observations that at-
tempt atmospheric characterization and those planets
that become the subject of detailed climate modeling
simulations.
Perhaps the most important planetary property that
changes as a result of stellar distance is the bulk density.
For terrestrial planets in the HZ, the density together
with stellar abundances has become a key diagnostic in
modeling planetary interiors and potential volatile con-
tent (Hinkel & Unterborn 2018). For the analysis of the
TRAPPIST-1 system (Section 3.1) the overall changes
to the system are moderate, but the decrease in the
planetary bulk densities is relatively large, indicating
that the planets f and g may indeed be aqua-planets
with no continents, and planet e may also fall into this
category. The largest effect was for LHS 1140b, whose
density plummets whilst the received flux dramatically
increases. Such changes to these planets will have a sig-
nificant effect on the surface gravity, atmospheric scale
height, and therefore the feasibility of transmission spec-
troscopy observations (Morley et al. 2017; Batalha et al.
2018). Thus, as distances are further improved through
Gaia data releases, the target list to be studied with
precious observing resources will become increasingly ro-
bust.
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